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ABSTRACT 
 
Experience gained on systems design, operation, and maintenance, with increasing degree of complexity, and 
the growth of computational processing capacity, allow the development and the application of integrated 
optimization techniques, which take into account the interaction of all involved phases in systems operation. 
Such a broad approach, which describes in an integrated way the related factors, from the structure conception 
to maintenance policies, makes the problem more complex. Generally, the original problem is cast into a simpler 
one, by imposing some degree of linearity, which allows for a more conventional treatment. However, as long as 
the description of some parameters is allowed to undergo modifications, the resulting model becomes less 
realistic. In this work, a mathematical model to be used in integrated optimization of systems performance, 
which treats the original problem without performing any transformation, is applied to the Control Room Air-
Conditioning and Ventilating System (ACS) of the Angra I Nuclear Power Plant. The optimization process 
treats, in a simultaneous and integrated way, design modifications, system and components availability, 
redundancy allocation, maintenances/tests scheduling and costs. In a first step, the problem is presented, briefly 
describing the system design and explaining the options of structure modifications. After that, the optimization 
is performed, giving as result the final optimal system structure with the respective maintenances/tests 
scheduling for all components. Genetic algorithms were used as the solutions search tool. The results show the 
applicability of the integrated optimization to real safety systems, verifying its validation as an instrument of 
systems optimization and performance analysis. 
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1. INTRODUCTION 
 
The search for optimal solutions is usually weighed for antagonistic variables: the 
productivity improvement, based on more complex systems, is frequently limited by budget 
restrictions and safety requirements. The term reliability can be defined as a measure of 
systems performance [1] and as systems have grown larger complexity, the consequences of a 
unreliable behavior become severe in terms of cost, effort, availability, human factors, etc. 
Experience gained on systems design, operation and maintenance, allied to the growth of the 
computational processing capacity, allows the application of integrated optimization 
techniques, which take into account the interaction of all involved phases in systems 
operation, from its conception to the maintenance policies. 
 
Numerous publications are dedicated to the study of systems reliability, and several 
optimization techniques have been proposed [2]. The techniques of maintenance optimization 
can be used to increase the availability by making a trade-off between the maintenance costs 
and its benefits. In general, the methods are applied to defined structures and the models are 
formulated independently of the problem design. That a posteriori approach doesn't 
contemplate the interaction between maintenance and design, limiting the availability 
optimization. Due to such limitation, the focus has been shifted to an a priori approach, 
which simultaneously treats structure synthesis, design, reliability and maintenance [3,4,5]. 
 
In this work, the goal is to apply an optimization integrated model to the Control Room Air-
Conditioning and Ventilating System (ACS) of the Angra I Nuclear Power Plant, 
demonstrating the applicability and the relevance of the technique [6]. The optimization 
process involves design modifications, redundancy allocation, maintenances/tests scheduling 
and costs. Genetic algorithms were used as the solutions search tool.  [7]. 
 
 
 
2. INTEGRATED OPTIMIZATION MODEL 
 
The mathematical modeling for the components availability calculation aims at the 
application of the integrated optimization to a set of configuration options of systems in 
general. The presented model [6] includes: description of the components availability 
behavior as a time-dependent function, from which it is possible to describe the availability 
of whole systems; distribution of preventive maintenances; costs estimates; and the genetic 
algorithm modeling. 
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2.1. Components Availability 
 
Seeking a realistic characterization of the availability behavior as a time-dependent function, 
a reconditioning factor is introduced in the calculation, which indicates how close to the as-
good-as-new condition the component is restored after preventive maintenance. Moreover, it 
is proposed to consider, for a component that alternates active and standby periods, the 
consideration of these distinct working modes. 
 
The components will be submitted to preventive maintenance and, in case of failure, they will 
be repaired by corrective maintenance. In the present study, it was admitted that the failure 
rates were in the form of a power law based on a two-parameter Weibull distribution and the 
repair rates and the reconditioning factors are constants. In that way, the expression for the 
components/subsystems reliability for each cycle between maintenances is: 
 
m
1
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and the general equation for the availability calculation, adaptable to the peculiarities of each 
component, is given by: 
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where i = 1, 2,..., n, and n is the number of preventive maintenances accomplished. 
 
2.2. Preventive Maintenance 
 
In this work, it is considered that the time intervals between maintenances, ∆Ti, follow a 
geometric progression with common ratio β, and they are obtained as follows: 
 
f
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1T T    , 0<i i+∆ = ⋅ ∆β β ≤1  . (4) 
 
2.3. Costs 
 
The total costs related to the system operation are originating from several sources, as 
acquisition of components, operational costs and costs related to maintenances and tests. The 
expression for the costs calculation of a component or subsystem is: 
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The total costs related to a system are composed by the sum of the components costs and a 
possible loss of profit, LP, originated by the unavailability of the system: 
 
,
+ T SYS i
i
C CT LP=∑ . (6) 
 
2.4. Genetic Algorithm 
 
The genetic algorithm will be used to indicate, for each subsystem of the ACS System, the 
following features: number of functional sets or components, number of preventive 
maintenances, parameter β and the possibility to anticipate or to postpone the whole 
maintenance scheduling. 
 
 
3. SYSTEM DESCRIPTION 
 
The Control Room Air-Conditioning and Ventilating System (ACS) is designed to remove all 
heat generated by equipment, lighting, and personnel, thus providing safe operating 
conditions for the personnel and equipment. The aim is to maintain suitable and safe ambient 
conditions into control room during normal operation or emergency situation (high radiation 
signal, safety injection signal and/or blackout) [8]. 
 
A single air-conditioning system provides the cooled air required (100%), with one system of 
the same size on standby to address the single failure criterion. Each air-conditioning system 
consists of roughing filter, evaporator coil, air handling unit with fan, electric duct heater, air 
cooled condenser, compressor and associated instrumentation and controls. Fig. 1 shows a 
simplified outline of the system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Simplified outline of the Angra I ACS System. 
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4. SYSTEM OPTIMIZATION 
 
4.1. Introduction 
 
The integrated optimization process will be applied to a proposal of possible configurations 
of the ACS System, considering the main components and some modifications on the current 
structure. The aims of this study are the maximization of the system availability, in normal 
operation, and the minimization of the costs related to the structure implementation and the 
system operation. The integrated optimization will define an optimal configuration for the 
ACS System and will also present a maintenance scheduling program. 
 
In this study, the components considered relevant are the compressors, condensers, fans, 
evaporators and filtering units. The alternatives of design modifications to be analyzed are:   
(i) inclusion of one more cooling functional set;   
(ii) installation of an air cooling subsystem based on the Cold Water System of the plant, 
with the purpose of reducing the wear of the cooling functional sets;   
(iii) inclusion of one more filtering unit, similar to the existent unit;   
(iv) inclusion of one more booster fan at the filtering subsystem exit. 
 
The maximum configuration, or superstructure, of the ACS System, that is, the structure that 
includes the largest number of components, is presented in Fig. 2. The components 
represented by full lines correspond to the installed ones currently in Angra I and represented 
by dotted lines are the components related to the suggested design modifications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Simplified outline of the ACS System superstructure. 
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4.2. Input data 
 
The system operation time considered in the optimization study is 1800 days. It is also 
considered that preventive maintenances and tests should be made in the last 12 hours of each 
chosen 30-day period. Data regarding parameters and characteristics of the functional sets 
and components of each subsystem are presented in Table 1. Table 2 presents the cost 
estimates related to components and functional sets. Another important point is the revenue 
of Angra I plant when it is connected to the electric transmission network. Based on a mean 
production of 520MW and the value of R$105,00/MWh, the revenue estimate is R$54.600,00 
per hour of plant operation. For more details about the loss of profit estimate see Reference 6. 
 
 
 
Table 1. Functional sets and components 
characteristic data 
 
 
S U B S Y S T E M S 
 SSW SSC SSF SSB 
mop 1,3065 1,3604   
θop (day) 51,07 28,76   
mres 1,9520 1,5555 1 1,9520 
θres (day) 157,30 97,80 1166 157,30 
ν (day-1) 0,2260 0,3132 0,1489 0,2260 
τmp (day) 0,3894 0,5928 0,3148 0,3894 
α 0,994 0,994 0,963 0,988 
Table 2. Functional sets and components 
costs 
 
 
S U B S Y S T E M S 
 SSW SSC SSF SSB 
Acquisition 
(R$) 141.000,00 1.460.000,00 60.000,00 72.930,00 
Operational 
(R$/h) 3,61 4,11  0,18 
Prev Mnt / 
Test 
(R$/mnt) 
639,18 2.916,03 517,11 639,18 
Corr Mnt  
(R$/h) 71,37 320,40 70,39 70,80 
 
 
 
4.3. Results 
 
According to the criteria of this study, in its current configuration and keeping the current 
intervention policies, the ACS System presents a mission availability of 0,7319. Therefore, 
this is the mission availability that will serve as a starting point for optimization. The fitness 
function has the form: 
 
9 *
,
10 ( 0,7319)
ACS
T SYS
AF
C
⋅ −
= . (7) 
 
The best solution found, that is, the solution that presentes the maximum value of FACS, is 
shown in Table 3. 
 
 
 
Table 3. Best solution for the ACS System. 
 
FACS (R$-1) *A  CT,SYS (R$) 
148,16 0,9700 1.607.227,32 
 Fig. 3 shows the availability versus time for the ACS System, according to the configuration 
and the maintenance scheduling to the subsystems established in the optimization process 
(Reference 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Curve of availability to ACS System. 
 
 
 
Fig. 4 shows the schematic representation of ACS System according to the best solution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Simplified outline of the ACS System optimized structure. 
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 5. CONCLUSION 
 
The development of optimization methods that approach, in an integrated way, the largest 
possible number of parameters linked to the systems performance is a challenge that deserves 
special attention. The advantages obtained when the interaction between the factors involved 
with the systems design, operation and maintenance is considered should be a motivation to 
overcome the possible technical implementation difficulties of such techniques. 
 
The integrated optimization methodology applied to the ACS System provided an 
understanding of the integration between the several subsystems and made it possible to 
evaluate the contribution of each of them to the general system performance. Although the 
optimization has been mainly based on comparative terms between the several configuration 
options and maintenances planning, the results are useful to guide the search for viable 
solutions. In a general way, the methodology of integrated optimization fulfills its objective 
of collaborating as a supporting tool for decision-making. 
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